The phase space densities of dark matter halos in well-observed nearby galaxies appear to span a very wide range. Provided only that the dark matter (DM) particles are collisionless, this result is inconsistent with warm DM models of structure formation. With cold DM facing serious difficulties on small scales and hot DM models ruled out, we may be close to excluding any simple, collisionless particle as a candidate for DM.
INTRODUCTION
The well-known mass discrepancies in galaxies (Bosma 1978; Broeils 1992; Verheijen 1997 ) and in clusters of galaxies (Zwicky 1937; Carlberg, Yee & Ellingson 1997; Tyson, Kochanski & Dell'Antonio 1998) are usually taken to imply the existence of a large fraction of invisible, or "dark," matter (DM) in the universe. A popular candidate is Cold Dark Matter, for which the DM particles, whatever they are, are almost at rest with respect to the Hubble flow in the early universe. CDM is often imagined to be a heavy, non-baryonic relic particle from the early universe which has essentially only gravitational interactions with itself and with normal, or baryonic, matter.
The CDM model has been studied intensively for twenty years and now has many well-worked out predictions for the formation of structure of the universe (e.g. Bertschinger 1998 ). The broad-brush impression one now has is that the currently favored ΛCDM model boasts a considerable degree of success in predicting the large-scale structure of the universe (e.g. Pearce et al. 1999; Bahcall et al. 1999) . But it has become apparent in recent years that the predictions of almost any flavor of CDM are seriously at variance with the observed properties of galaxies. Four major inadequacies of CDM can be identified, which may all stem to some degree from a single cause: the central densities of collapsed objects and fragments are predicted to be too high.
(1) High-resolution simulations of the DM distribution (Navarro, Frenk & White 1996; Moore et al. 1998) have shown that relaxed halos have a broken power-law radial profile around each density peak. The "concentration index" of these halos, which depends somewhat on the cosmology (Navarro 1998) , implies a high central DM density, which should increase still further as the baryons cool and settle to the center. Unfortunately, there is little evidence for high central densities of DM within the halos of any type of galaxy. Low luminosity galaxies and low surface brightness galaxies (LSBs) are believed to have the largest fractions of DM, and therefore halos for which compression by baryonic infall is least important. Yet the rotation curves of these galaxies (Côté, Freeman & Carignan 1997; Swaters, Madore & Trewhella 2000) rise gently, suggesting a low density core (but see also van den Bosch et al. 1999) , irrespective of the M/L ascribed to the baryonic component. The case for bright HSB galaxies is more model-dependent, since the rotation curves in these galaxies generally do rise quickly (Rubin, Kenney & Young 1997; Sofue et al. 1999) . It is now clear, however, that the inner part of the roation curves of these galaxies is dominated by the luminous disk and bulge and that the DM halo, even in these cases, has a large, low-density core (Debattista & Sellwood 1998) or very low concentation index (Weiner et al. 2000) .
(2) The merging hierarchy which produces galaxy halos causes the cooled baryonic fraction to lose a large amount of angular momentum to the halo and to make disks that are too small (Navarro & White 1994; Navarro & Steinmetz 1997) . These authors compare the predicted angular momentum of the disk with that in observed galaxies, finding it to be deficient by an order of magnitude. This problem is partially ameliorated if some process (usually described 1 as "feedback from star formation") prevents most of the gas from cooling until after the galaxy is assembled.
(3) Navarro & Steinmetz (2000) describe their failure to predict the zero-point of the Tully-Fisher relation as a "fatal problem for the ΛCDM paradigm." The problem may be even worse, since this paradigm predicts L ∝ V 3 (Dalcanton, Spergel & Summers 1997; Mo, Mao & White 1998) , whereas Verheijen (1997) stresses that when V is interpreted as the circular velocity of the flat part of the rotation curve (and not just the last measured point), the true relation is closer to L ∝ V 4 .
(4) The results from high-resolution N -body simulations (Klypin et al. 1999; Moore et al. 1999) have revealed large numbers of small-mass sub-clumps within large DM halos, many more than are observed as satellite galaxies. Whether this deficiency can be explained away, or whether these fragments threaten the survival of thin disks in the host galaxy, remains to be seen.
Faced with these serious difficulties, a number of authors have begun to explore modifications to the CDM model. Since the only alternatives are either to modify the properties of the DM particles or to modify the law of gravity, most authors favor the former. The simplest of these is the warm DM matter model (e.g. Colombi, Dodelson & Widrow 1996; SommerLarsen & Dolgov 1999; Hogan 1999) in which streaming of the DM particles in the early universe suppresses small-scale power in the fluctuation spectrum.
The finite velocity spread of WDM also requires the collapsed halos to have uniform density cores. Liouville's theorem for a collisionless fluid (e.g. Binney & Tremaine 1987) states that the phase space density, f , is a constant of the motion and therefore requires that its initial maximum value, f max , cannot increase, however the fluid evolves. Thus when halos collapse, the DM particles in halos of greater volume density must have larger velocity spreads, thereby precluding strong density gradients. Further, since f max is spatially uniform early in a homogeneous and isotropic universe, Liouville's theorem also requires that f max of every halo should be similar.
The fine-grained phase space density, f fine , is strictly conserved, but the maximum coarse-grain density, f coarse , can decrease. Simulations of systems of collisionless particles, which by their nature can track only f coarse , have found, however, that the maximum f coarse barely changes in even quite violent collapses (May & van Albada 1984) or mergers (Farouki, Shapiro & Duncan 1983; Barnes 1992) .
It should be noted that f coarse can, and generally does, decrease during the collapse of an (almost) cold system of particles, where a large volume of empty phase space is wrapped into the collapsed object. Thus phase space density constraints cannot be applied to CDM, for which the initial velocity spread is assumed to be negligibly small. It is the absence of an upper bound to the phase space density which permits the formation of the density cusps of CDM halos.
If the DM particle decoupled from thermal equilibrium at some early epoch, then its phase space density today can be predicted. Hogan (1999) , following Tremaine & Gunn (1979) , computes f max for relic particles of mass m X from the early universe, finding (in units whereh = c = 1)
(1)
where we have set the numerical coefficient q ≃ 2 × 10 −3 (for thermal fermions) and the number of spin degrees of freedom g = 2. (The value of q can differ by a factor ∼ < 20 depending on whether the particles are degenerate or thermal, fermions or bosons.) Provided the halo particles are truly collisionless, Liouville's theorem ensures that f will be unaffected by any subsequent evolution, such as baryonic cooling and infall. Thus f max for halos today should all cluster around a common value if the DM particle is collisionless and had some fixed velocity spread in the early universe. I evaluate f max for the halos of many well-observed galaxies in §2 and find a wide spread of values. I discuss the implications of this result in §3.
PHASE SPACE DENSITIES OF DM HALOS
The value of f max in a cored, isothermal halo can be determined from the core radius and asymptotic circular velocity. If the particles have an isotropic velocity distribution, the 1-D velocity dispersion in an isothermal sphere is simply σ = 2 −1/2 V flat , where V flat is the flat circular speed from the halo (Binney & Tremaine 1987 §4.4b) . A uniform central density, ρ 0 , causes the rotation curve to rise linearly from zero at the center with slope dV /dR = (4πGρ 0 /3) 1/2 . For the popular halo fitting function ρ = ρ 0 /(1 + r 2 /r 2 0 ), the asymptotic velocity, core radius and central density are related as V flat = (4πGρ 0 ) 1/2 r 0 . Other functional forms for cored isothermal spheres (e.g. Evans 1993), departures from sphericity, or from velocity isotropy merely introduce correction factors of order unity. Thus measurements of V flat and of either ρ 0 or r 0 allow us to evaluate f max ∼ ρ 0 /σ 3 . 1
We observe rotation curves of galaxies which, of course, include contributions from components other than the DM. HI data that extend well outside the optical part of the galaxy provide reasonably firm values for V flat . Rotation curves that are well-resolved in the inner parts provide an upper limit on ρ 0 , which may be close to the actual value if the baryonic contribution is small, as in LSBs. In many cases, however, either V flat or ρ 0 for the DM halo depends on the decomposition of the rotation curve into the separate contributions from luminous and dark matter, which is generally controversial. Here I assume maximum disk models, and discuss below how this assumption affects the values. Figure 1 shows estimates of f max ∼ ρ 0 /σ 3 in a number of well-observed galaxies. The data and their sources are summarized in Table 1 with the exception of the points for the Draco and Ursa Minor dwarf spheroidal galaxies. Broeils (1992) gives large formal values of V flat ≫ V max for three galaxies (noted in Table 1 ); in these cases, I conservatively determine σ from V max instead of V flat . A few galaxies are represented by two or more points joined by lines; for the LSBs (squares) these represent the "maximum disk" (lower value) and "no disk" halos fitted by Swaters et al. (2000) .
The uppermost point in Figure 1 is for the Draco and Ursa Minor dwarf spheroidal galaxies. Measurements of radial velocities for several hundred individual stars in these galaxies are given by Armandroff, Olszewski & Pryor (1995) , who find that the stellar velocity dispersion is ∼ 10 km s −1 in both galaxies. The uppermost point assumes a simple mass-followslight King model (Binney & Tremaine 1987, §4.4) for Draco, which yields a central density of 0.7 M ⊙ pc −3 (Pryor, private communication), after adopting an estimated King radius of 150 pc (Pryor & Kormendy 1990) . This model may be too naïve, since the DM halo could well be more extensive and have a higher velocity dispersion than the stellar distribution, which would imply a lower f max . We place an extreme lower bound on f max , which is essentially the same for both Draco and UMin., as follows: We adopt the minimum central density given by Olszewski (1998) of 0.2 M ⊙ pc −3 , and further adopt the argument from Gerhard & Spergel (1992) that their masses must be < 10 10 M ⊙ otherwise their orbits about the Milky Way would decay too rapidly through dynamical friction. Treating such a halo as a low-concentration (W 0 = 1) King model, neglecting the luminous matter, we obtain σ DM ∼ 130 km s −1 . Slightly more extreme models could be imagined, but M/L V ∼ 30 000 for this model already! A more resonable lower bound might be to adopt M/L V ∼ 500, on the high side for galaxy clusters (e.g. Carlberg et al. 1997; Tyson et al. 1998) , which would require σ DM ∼ 32 km s −1 . The values of f max for this, and the above more extreme, model are also shown in Figure 1 .
It might be objected that most of the circles in Figure 1 are based on maximum disk models, which are not universally accepted. This is not a serious objection, however. Three of the points for the LSBs from Swaters et al. (2000) are plotted for both their "maximum disk" and for "no disk" fits for which f max differs by at most factor 100. The DM halo for a "no disk" fit to NGC 3198, the proto-typical galaxy for DM studies, has the same V flat but a core some 5-6 times smaller (van Albada et al. 1985) . Thus f max would be greater by the square of this factor, or merely some 30-40 times higher.
There are two possible conclusions from this Figure . A skeptic might argue that the range of f max shown in this Figure is mostly due to errors in the estimated values. Clearly some of the invidual points could be in error by a couple of orders of magnitude, but others are much more certain. The spread of values is admittedly greatly increased by the point for the dwarf spheroidals, which is not well determined because we observe only central values and not the extents of the DM halos. This point can be brought into the main cluster in the Figure, but only by adopting a truly extreme model. Similarly, some of the lower points could be moved up by adopting sub-maximal disk models. If one wishes to argue that the entire spread is due to measurement errors, and that the DM halos manifest a characteristic value for f max , that value corresponds to a thermal relic with a mass of ∼ 100 eV, which is firmly in the range of hot DM (HDM); the suggestion that neutrinos might have masses in this range has been contemplated and rejected previously (e.g. Tremaine & Gunn 1979; Gerhard & Spergel 1992; Cen & Ostriker 1992) .
Alternatively, most of the seven orders of magnitude spread in f max is real and therefore enormously larger than could be allowed if WDM were collisionless. In this case, Liouville's theorem requires that either DM is not "warm" or WDM is not collisionless.
DISCUSSION
Thus a WDM model requires both that the particle never was in thermal equilibrium (so that its mass is not given by equation (1)) and that the impressive spread in f max shown in Figure 1 is all due to measurement error. Such a possibility seems remote.
With WDM all but excluded, CDM in serious trouble ( §1), and HDM long out of favor, it seems that we are close to being able to exclude any simple, collisionless relic particle as a DM candidate. The less-appealing mixed DM models (e.g. Pogosyan & Starobinsky 1995) suffer from most of the difficulties of CDM on small scales, essentially because f max of the cold component again has no upper bound.
With such difficulties becoming apparent, a number of alternative DM candidates have already been mooted: self-interacting DM (Spergel & Steinhardt 1999) , fluid or repulsive DM (Peebles 2000; Goodman 2000) , and others. These models attribute additional properties to the DM particle in order to alter the collapsed halos. Preliminary simulations of the SIDM model (Burkert 2000; Kochanek & White 2000) confirm that an initially cusped halo of such particles can indeed acquire a more uniform central density for a while. However, this model also predicts that halos should be spherical, which is at odds with the estimated shapes of some halos (e.g. Sackett et al. 1994; see Sackett 1999 for a review).
The nature of DM is increasingly constrained by the observed properties of galaxy halos. In particular, any successful theory of galaxy formation will need to account for the wide range of phase space densities for DM shown in Figure 1. I would like to thank Tad Pryor, Arthur Kosowsky and Terry Matilsky for many helpful discussions and Scott Tremaine and Josh Barnes for helpful emails. This work was supported by NSF grant AST 96/17088 and NASA LTSA grant NAG 5-6037. for DM in a number of galaxies plotted against the observed Vmax. The plusses joined by lines are for the dwarf spheroidals in Draco & U. Minor (see text), the cross is for NGC 4123, the squares are for LSBs, and the circles are for maximum disk fits to a number of galaxies with high-quality HI rotation curves. Table 1 gives the raw data and its source for each galaxy. The units of fmax are M⊙ pc −3 / (km s −1 ) −3 ; the right-hand axis shows values of the rest mass of an equivalent thermal relic particle from equation (1).
